Aircraft morphing is referred to as the ability for an aircraft to change its geometry in flight. Formally, flaps, spoilers, and control devices are considered morphing, but in general, morphing in aerospace is associated with geometrical changes using smart materials such as shape memory alloys. Shape memory alloy is a material that changes shape under heating and produces force and deflections, which make it potential actuator for a wing morphing system. The motivation behind this study is the application to small-sized and medium-sized unmanned air vehicles and the potential to increase range or endurance for a given fuel load through improved lift-to-drag ratio. The camber line of an airfoil section, the predominant parameter affecting lift and drag, is changed by resistive heating of a shape memory alloy actuator and cooling in the surrounding air. Experiments were conducted under wind tunnel conditions to verify analysis and to investigate the effects of its application on the aerodynamic behavior of the wing. This study investigated three control methodologies: the conventional proportional-integral-derivative controller, proportional-integral-derivative with robust compensator, and proportional-integral-derivative with anti-windup compensator. The latter proved to have superior performance in achieving and maintaining a required level of morphing. In addition, the power required to the shape memory alloy actuators under aerodynamic load, and the effect of ambient temperature was also investigated.
Introduction
Aerodynamic performance is an essential consideration in unmanned aerial vehicle (UAV) design. UAVs have the significant advantage over manned aircraft in that they can fly for long periods of time without the human restrictions such as fatigue. UAVs are designed to operate continuously for up to several days. For example, the General Atomics MQ-1 Predator has an endurance of 24 h, while the IAI Heron has an endurance of 45 h. If long endurance is the objective, then minimum fuel consumption becomes a significant design driver. In cruising flight at recommended cruise throttle setting, the fuel consumption is proportional to the specific fuel consumption c T , the aircraft weight W, and the lift-to-
For a given engine and aircraft weight, range and endurance can be improved by minimizing C D /C L . The drag coefficient C D is linked to the lift coefficient C L through the drag polar, and the required lift coefficient depends on aircraft weight
In flight, the aircraft weight W reduces gradually due to fuel consumption. To remain at constant altitude and constant speed, the lift coefficient is reduced by reducing the angle of attack a with the elevator. Figure 1 shows a typical drag polar C D versus C L for an aircraft in steady cruise flight. The line tangent to the curve from (0, 0) graphically depicts the point of maximum C L /C D ratio (or minimum C D /C L ratio). The drag coefficient varies approximately with C 2 L , and therefore, the C L /C D ratio deteriorates rapidly away from the optimum point. For a fixed airfoil section wing, C D follows the drag polar with changing C L by varying the angle of attack a. An alternative way of changing the lift coefficient is changing the shape of the wing airfoil section by adjusting the curvature of the camber line. Only a slight change in the camber line can affect the lift coefficient with a relatively low drag penalty. Fixed-wing aircraft with a rigid structure are not able to change the airfoil shape, but a variable camber wing has the potential of offering better C D /C L ratio over the entire flight. This is shown in Figure 1 , where a new, morphed airfoil represents a drag polar shift. The objective is to control the morphing process so that the drag coefficient follows the loci of optimum C D /C L points, thus ensuring that C D /C L is minimum for a given lift coefficient.
An analytical study conducted by The National Aeronautics and Space Administration (NASA) on the benefits of variable camber capability revealed that drag can be significantly reduced if all wing trailing edge surfaces are available for optimization such as in the case of flight with variable camber capability (Bolonkin and Gilyard, 1999) . The main aerodynamic benefits of variable camber are increase of aerodynamic efficiency (L/ D ratio) by up to 9%, extended buffet boundaries by up to 15%, and reduction of wing root bending moments by up to 12%. The wind tunnel experiments have shown that wing morphing can result in 15% increase in L/D particularly at low angles of attack (\2.5°), which favors the cruise condition (Figure 2 ).
Leading the way in morphing wing technology was the DARPA Smart Wing Program that addressed the development and demonstration of smart material-based concepts to improve the aerodynamic and aeroelastic performances of military aircraft (Kudva, 2004; Martin et al., 2004) . Shape memory alloy (SMA) linear actuators were used to control the flexible trailing edge by attaching them to the top and bottom of the trailing edge spar in an antagonistic way (Kudva, 2004) . In this application, the actuators were able to bend the trailing edge but the gained deformations were deemed unsatisfactory. The performances of the SMA actuators were reduced as a result of shape memory recovery force due to the undesired in-plane compression of the center sheet. Sofla et al. (2004 Sofla et al. ( , 2008a Sofla et al. ( , 2008b tried to overcome the above-mentioned problem of undesired in-plane compression by developing a series of SMA-actuated flexural structures that could be used to deform wing sections based on a concept called antagonistic flexural unit cell (AFC) where a pair of one-way SMA actuators were placed at either side of a highly flexible unit core structure (with large in-plane stiffness). When an SMA actuator is heated, its contraction will result in the extension of the opposing SMA actuator mechanically. The actuation is reversed through the contraction of the now-extended actuator upon heating. Highauthority shape morphing beams can be constructed by the linear replication of the AFCs that can then be used in the making of reconfigurable wing boxes for shape morphing wing structures (Elzey et al., 2003 (Elzey et al., , 2005 .
Another design for a morphing wing concept was introduced using SMA springs (Dong et al., 2008) . SMA springs with the help of stop structures are used to accurately actuate certain points on the wing skin to approach the target airfoil. From simulation and measured results, it was discovered that the skin actuated by SMA springs on specific discrete points could obtain good actuating results near these points. There were errors between simulation value, measured value, and target value at the positions far away from the points actuated. The error was the biggest at points that are far away from both the actuated points and the constraint points, caused by the difference between the successive deformation character of rigid body and the singular character of the target shape. This means average distribution of actuated points along the chord was favorable to approach the target shape better. However, it is unknown if this method is able to produce significant improvement in the aerodynamic performance because there is no wind tunnel test or computational fluid dynamics (CFD) analysis carried out on this model. Strelec et al. (2003) have examined the feasibility of using SMA actuators in a reconfigurable airfoil. Their work focused on developing an optimization method to determine the necessary placement of the SMA wire actuators within the wing. A global optimization method that incorporates a coupled structural, thermal, and aerodynamic analysis was utilized. A genetic algorithm was chosen as the optimization tool to efficiently converge to a design solution that used a cost function based on the aerodynamic properties of the airfoil to maximize the L/D ratio for a reconfigured airfoil shape at subsonic flow conditions. A wind tunnel model with a reconfigurable wing was fabricated based on the design optimization to verify the predicted structural and aerodynamic response. From the experimental tests, it was clear that the SMA actuators were effective in producing a camber change as a trailing edge deflection of 5.0 mm was achieved. The results from the wind tunnel test showed an increase in the lift coefficient at angles of attack of 0°, 5°, and 10°, when the SMA actuators were turned on. However, the effect on L/D ratio was not presented.
Another method of changing the airfoil shape is by moving the transition point position on the airfoil using a single point control (Popov et al., 2008 (Popov et al., , 2010 ). An SMA actuator was used to move the transition point closer to the leading edge in order to improve the laminar flow on a wing. The upper surface of the airfoil was modified using an actuator located at a certain percentage of the chord where its corresponding deflection was obtained. An optimization method was implemented into the control software code that allowed the morphing wing to adjust its shape to an optimum configuration under the wind tunnel airflow conditions. This research is the only one in the literature that performed experimental testing of the controller of a morphing wing model under wind tunnel condition. Two closedloop control methods were introduced to obtain and maintain the optimized airfoil during wind tunnel tests.
Despite extensive research and development being conducted in morphing technologies, only a few concepts have been tested experimentally and even less have been flight tested (Barbarino et al., 2011; Sofla et al., 2010) . The main reason is the potential gain in aerodynamic efficiency is offset by factors such as vehicle weight, power requirements, and system complexity (Sofla et al., 2010) . Although SMA actuators show potential in morphing applications, there is still no feasible solution due to structural constraint and difficulty in controlling the nonlinear actuators.
The objective of this research is to develop an adaptive airfoil control system demonstrator using SMA actuators. Three types of controllers were tested both in simulation and in wind tunnel tests. The performance of each controller was determined by its ability to respond and track a required level of morphing, that is, a required lift coefficient. In addition, the effect of ambient temperature due to flying at altitude and power levels required to overcome aerodynamic forces were also determined.
SMAs as an actuator
Smart materials can be tailored to create a specific response to a combination of inputs (Culshaw, 1996) . These materials include piezoelectrics, electrostrictives, magnetostrictives, magnetorheological fluids, and shape memory polymers and alloys. In the case of adaptive airfoil, Fontanazza et al. (2006) concluded that the ideal material should respond quickly to external stimuli, be capable of large and recoverable free strains, transform effectively the input energy to mechanical energy, and not be affected by fatigue issues. They suggested that the benefits of using smart material compared to pneumatic or hydraulic actuators are reduced complexity and improved reliability of the system. Table 1 lists the most common characteristics of some smart materials that include maximum free strain, maximum stress, deformation energy density, efficiency, and relative speed of response (Bar-Cohen, 2004) . Among all the smart materials, SMAs appear to have superior capability in producing large deformations as demonstrated by an elastic energy density that is over two orders of magnitude better than other smart materials. It should be noted that this comes at a price as SMAs have a slower response time. In recent years, the interest in SMA applications for adaptive structures has increased not only due to this unique quality but also because of their high power-to-weight ratio and low driving voltages. SMAs are thermomechanical materials typically comprising of an alloy composition of nickel and titanium, which changes shape when heated or cooled (Culshaw, 1996) . When they are cooled to below a critical temperature, their crystal structure enters the martensitic phase, where alloy can easily be manipulated through very large strain ranges with little change in the material stress. However, when heated above the critical temperature, the phase changes to the austenitic phase where the alloy resumes the shape that it formally had at the higher temperature.
Nickel titanium is the most commonly used SMA to which copper is sometimes added to aid in the strain recovery process. The process of shape change or creating movement comprises a five-step procedure that occurs within the material in which the shape memory effect is developed. Figure 3 shows the entire process (Kaufman and Cohen, 1958; Nishiyama, 1978) . The first step is the parent austenitic phase, which occurs at a high temperature with zero stress and strain. In order to create twinned martensite, the parent austenitic structure is cooled in the absence of both stress and strain. Next, the twinning process is reversed by stressing the material that causes the now detwinned martensite to develop inelastic strains. While still maintaining its detwinned form with the elastic strain, the load is then released. Finally, the material returns to its original shape and composition when all inelastic strains are recovered by heating the SMA to its parent austenitic start temperature.
The SMA model used in the simulation for the controller design is derived by Jayender (2008) using Liang's model. This particular model was chosen due to excellent tracking response in the simulation and experimental results, which clearly justify the use of the model for describing the transformation between martensite and austenite phases. This model replicates the behavior of the SMA at the phenomenological level. The critical temperature parameters that describe the SMA model are martensite finish temperature (M f ), martensite start temperature (M s ), austenite start temperature (A s ), and austenite finish temperature (A f ). The SMA model being considered here is characterized by A s . M s . Liang and Rogers (1990) have derived a relation between martensite fraction and temperature (j-T) using a cosine function. The two equations describing the martensite fraction during the transformation under free stress condition from M ! A and M A are given as
where the two material constants a A and a M are determined from
If the M ! A transformation starts from a state that has mixed austenite and martensite phases, denoted by (j M , T M ), it is assumed that during the heating process, Schematic of temperature-stress-strain for SMA crystallographic phase transformation (Kaufman et al., 1958; Nishiyama, 1978) .
SMA: shape memory alloy.
there will be no new austenite phase until the temperature is higher than A s . The transformation for temperatures above A s is described by
If M A transformation starts from (j a , T a ), it is assumed that until the temperature is cooled to a temperature lower than M s , there will be no new martensite phase, and the transformation from M s to M f is described as
Using the above equations, the change in martensite fraction as a function of temperature under free stress condition can be plotted using MATLAB, as shown in Figure 4 . Due to the occurrence of hysteresis, the modeling of heating and cooling of the SMA actuator were separated. The specifications of the model are listed in Table 2 .
The model consists of three dynamic equations describing the variation of mole fraction with temperature using Fermi-Dirac statistics, temperature dynamics based on Joules heating-convectional cooling, a constitutive equation relating the stress and strain in SMA to changes in temperature, and the mole fraction of the SMA in the austenite phase given as
where s is the stress in the SMA, E is Young's modulus of the alloy, e is the strain, u t is the thermal expansion factor, O = 2Ee i is the phase transformation contribution factor, and e i is the initial strain of the SMA. The dynamic characteristics of the SMA are completely defined by either heating or cooling. s e can be defined as the integral of the error, that is
where e ref is the reference trajectory. The dynamic equations of the SMA along with equation (9) can be represented in the state-space form
where
and u is the input voltage to the SMA wire. The nonlinear equations are linearized about a set of operating points (e 0 , T 0 , j 0 , u 0 ) on the reference trajectory. Equation (10) is linearized about the calculated operating points, assuming the no-load case, to obtain linear models in the following form
The closed form expressions of A and B are given as
where T f is chosen either as T fa or T fm according to whether the SMA actuator is being heated or cooled. Correspondingly, s i is chosen as either s a or s m and K is chosen as j a or j m .
Experimental setup
An experiment was conducted to demonstrate the effect of wing morphing using SMA actuators in a wind tunnel environment. The design requirements for the morphing wing prototype were first established. Finite element analysis and CFD were used to predict the aerodynamic effectiveness of the SMA actuator. The control system for morphing wing was required to produce a minimum of 5-mm trailing edge deflection to obtain a lift coefficient variation within a reasonable range. Different configurations were analyzed by changing the skin material, the position of the SMA actuators within the wing, and forces exerted by it on the skin. In the simplified three-dimensional (3D) finite element method (FEM) model, a structural static simulation of the wing panel deformation was considered with the SMA actuator action incorporated by means of concentrated forces. The wing panel was represented as wing skin with the spar, base, and solid leading edge built-in as boundary conditions. FEM analysis was used to estimate the forces required to achieve a desired change in camber across the airfoil. It was found that for a wing skin from Acrylonitrile Butadiene Styrene (ABS) plastic, the required actuation force was approximately 40 N for each 20-mm wing span. The material was flexible and also easy to manufacture using rapid prototyping. The SMA actuators were attached near the leading edge, but actuation causes a camber change across the airfoil.
A Clark Y airfoil model with a chord of 247 mm and span of 285 mm was designed, as shown in Figure  1 , based on the theoretical analyses. The thickness was minimized to 1 mm in order to get the best morphing result without compromising the quality of the model. ABS plastic was selected as the skin material as it can produce the desired deflection, while still retaining its shape (Abdullah et al., 2009) . A Clark Y airfoil with a chord of 247 mm and span of 285 mm was designed as shown in Figure 5 . The skin thickness was 1 mm in order to get the best morphing result without compromising the quality of the model during fabrication. The wing model consists of the body that was fabricated using ABS; the spar and the attachment points were made from wood. The wing was actuated by SMA wires at the leading edge. The SMA wires used in this model were FLEXINOL Ò wires that were precrimped with ring crimps produced by Dynalloy Inc. (Technical Characteristics of FLEXINOL Ò Actuator Wires). In order to increase the pull force of the SMA actuators without sacrificing actuation time, they were constructed in a bundle that consisted of a multitude of wires in parallel attached to a bracket by crimps at the both ends of the actuator (Kratz et al., 2007) . The method of using SMA wire bundles has been used in robotic application but not in morphing wing design (Kratz et al., 2007; Mosley et al., 1999) . The actuator performance and power supply requirements are affected by the surface-to-volume ratio because the bandwidth of a SMA wire is mainly determined by heat transfer through the wire surface. Therefore, it is preferable to use multiple thin wires instead of a single thick wire. The wires must also remain separated to ensure effective cooling by allowing air to flow freely around all surfaces. The FE results were used as a guide to design the actuator. It was determined that the actuator needs a pull force of 40 N over a distance of approximately 2 mm for each 20 mm of the wing span. In order to meet the displacement criterion, a bundle length of 35 mm was chosen since the FLEXINOL wires can contract 5%-8% of their original dimension. A single 0.3048-mm-diameter wire has a pull force of 1250 g, so in theory, four wires of 0.3048 mm connected mechanically in parallel have a total pull force of at least 40 N. Since the span of the wing is 285 mm, 14 SMA wire bundles were needed, so in total, 56 SMA wires were used, as shown in Figure 6 . The wire bundles were connected mechanically in parallel but they were connected electrically in series. The SMA wires were attached to two pieces of wood, which were then glued with epoxy to the inner side of the wing near the leading edge.
The strain gauge used in the experiment was of type F-35-12 T11P15W3, part no. 528 quarter-bridge with gage factor of 1.98 and resistance of 120 O. It was mounted on the upper surface of the wing, 55 cm from the leading edge of the airfoil using M200 bond. A Vishay model P3 strain indicator and recorder were used to acquire data from the strain gauge and convert these data into an analog signal. It is a highly stable measurement circuit, regulated bridge excitation supply, and precisely settable gauge factor, which enables measurements of 60.1% accuracy and 1 mS resolution. The analog output range is from 0 to 2.5 V of maximum output with device impedance of 2000 O and output update rate of 480 Hz. The analog signal was used as a feedback to the control program in LabVIEW. A data acquisition system was used for the process of obtaining data from sensors and for processing. The SMA actuators were powered by current supplied by a Manson NP-9615 regulated direct current (DC) power supply with a range of 0-20 V or 0-10 A, controlled through analog signals from the data acquisition board. The schematic diagram of the experimental setup is shown in Figure 7 . The proportional-integral-derivative (PID) controller was implemented in LabVIEW.
The objective of the wind tunnel tests was to create an environment of varying velocity and angle of attack to study the robustness of the adaptive airfoil and controller in simulated flight conditions. The wind tunnel experiments were also used to demonstrate the capabilities of the adaptive airfoil control system by measuring lift and drag for various levels of morphing at various angles of attack and Reynolds numbers.
The strain indicator captured the change of the strain of the wing skin in microstrain, while the output from LabVIEW was in voltage. The set point is the measured strain represented in LabVIEW. The measured relationship between set point and strain is shown in Figure 8 . These data are the development of the controller as the set point is used to control the wing morphing. During postprocessing, the true strain measurement is used to establish the relationship between the change in the wing shape and the aerodynamic forces.
The RMIT Aerospace Wind Tunnel was used to measure the aerodynamic properties. It is a closed return circuit wind tunnel with a maximum speed of approximately 150 km/h. The rectangular test section dimensions are 2 m (wide) 3 1.5 m (high) 3 1.6 m (long). The model was tested at a Reynolds number of 1 3 10 5 and 2 3 10 5 at angles of attack between 0°and 15°at 2.5°increments. The flexible wing that was mounted on a six-component force sensor (JR3), and data reduction was used to determine all six forces and moments (drag, side, and lift forces and yaw, pitch, and roll moments) and their nondimensional coefficients. The power supply for the SMA actuators was limited to 54 W with the voltage set at 12 V, which corresponded to a maximum current of 4.5 A.
The test stand used in this experiment was designed specifically for use with the JR3 load cell. The model was mounted to a vertical sting attached to the load cell, as shown in Figure 9 . The sting and the load cell were not shrouded. The length of the sting was chosen as a compromise between reducing the aerodynamic interference and load cell internal friction. The distance between the bottom edge of the wing and the tunnel floor was 200 mm, which is well above the tunnel's boundary layer and was considered to be out of ground effect. The ambient temperature experiments were conducted with the wing enclosed in a cooling unit. The experiments were conducted under a constant ambient temperature of 20°C and 213°C.
Feedback control systems
A required lift coefficient is associated with a certain amount of morphing, which is measured through a strain gauge mounted on the top skin. Therefore, the amount of current to achieve a required level of morphing has to be controlled by a feedback control system. Precise control is difficult not only due to the nonlinearities, slow response of the SMA actuators, and the low heat endurance tolerance of ABS, but also due to the robustness requirement of the controller. Due to the nonlinear behavior of the SMA, the choice of the variable to be measured and fed back is very important in the development of a controller for SMA actuators. In this wing morphing experiment, the level of wing morphing is measured using a strain gauge sensor mounted on the top skin. The strain changes as airfoil camber is altered when the actuator is heated with electrical current. The controller regulates the electrical current of the actuators to reach the desired shape of the airfoil. The feedback control block diagram is shown in Figure 5 . The input of the control system is S ref (t), which is the demanded level of wing morphing, and S(t) is the actual output of the control system, that is, the strain measured by the strain gauge on the upper wing surface near the leading edge; e is the control error and corresponds to the difference between S(t) and S ref (t) . If the control error e is positive, the controller generates a signal I SMA that turns the actuator on, allowing electrical current to flow through the SMA wire. The temperature of the wire then starts to increase due to the Joule effect produced by the electrical current. If e is negative, the controller turns the actuator off by cutting the electrical current so that the actuator is cooled by the surrounding air. In this experiment, three types of feedback controllers were considered, and their individual performance and suitability for this application were assessed (Figure 10 ).
PID controller
The PID controller is the most common form of feedback with more than 95% of applications being PID type (Å stro¨m and Ha¨gglund, 2005) . However, there is little in-depth investigation of (PID) control of SMA actuators. A detailed study was done by Pons et al.
(1997) and Asua et al. (2008) , but not on the application of a morphing wing using ABS. Generally, the tuning of the PID controller is deemed insufficient compared to the model-based controllers (Kumagai et al., 2006; Majima et al., 2001; Reich and Sanders, 2007; Song et al., , 2003 . As SMA performance is highly dependent on environmental conditions, the model may become inaccurate if the environmental conditions differ from the condition in which the model is constructed. This is the reason why extensive investigation is needed before SMA actuators can be used in any application. Earlier studies have used PID control as a reference to assess the performance of model-based controllers, but the tuning of the PID controller and practical application was not considered (Kumagai et al., 2006; Majima et al., 2001 ). PID control is easy to implement, as it is well accepted with many available techniques to tune the controller, either experimentally or theoretically (Bolton, 2003) . Furthermore, it is easy to employ it on a field programmable gate array (FPGA), which offers a real-time control at a high sampling rate (Zhang et al., 2003) . Usually the application of a standard PID controller is restricted by constraints imposed by the system to be controlled (Ang et al., 2005; Zhang et al., 2003) . For the morphing wing experiment presented here, the limitations are the phase transition of SMA, properties of the ABS structure, and limiter of the heating power. In designing a controller, it is crucial to determine which of these components should be used, in what proportion, and how they are related. The transfer function of the basic PID controller is given by
where K p , K d , and K i are real constants. For the application in a morphing wing, it involves the determination of the values of these three constants so that the performance of the system meets the requirements. The control errors are defined as
Since we consider a regulator problem, _ S ref = 0; therefore, _ e = _ S (Figure 11 ). The PID controller that is applied to the morphing wing is shown in Figure 6 . 
PID controller with robust compensator
The second controller investigated was a PID controller with a robust compensator as applied by in a composite beam with embedded SMA actuators. Their controller was used for position control of a beam tip that used the tip position as an input to the feedback control system captured using a laser range sensor. In the feedback control system used here, the strain on the upper surface of the wing measured using a strain gauge was used as the input to the feedback system. The auxiliary control variables r and _ r are defined as
where l is a positive constant. The controller is proposed as
where K d and a are positive constants. The r, which is the robust gaining, is an assumed upper limit on the nonlinearities related with the SMA actuator for the morphing wing (Song et al., 2003) . The K D r is a linear feedback torque, which functions as a proportional plus derivative control . The proportional control is used to reduce steady-state errors and increase the actuator's responsiveness. The derivative control is used to increase damping and to stabilize the actuator. The I SMA f is a feedforward action. This control action allows for suitable amount of current to preheat the SMA actuators and compensate for environmental losses . The term r tanh (ar) is a robust compensator, which compensates the hysteresis of the actuator and increases the control accuracy and stability. In this method, r = 0 functions as the sliding surface, on which the system is asymptotically stable, that is, the control error is zero (Song et al., 2003) . The smooth robust controller is used to force the system onto the sliding surface. The robust compensator is continuously differentiable with respect to the control variable r to generate a smooth action (Figure 12 ). It is better at obtaining both a smooth control input and asymptotic stability of the closed-loop system, compared with the widely used bang-bang or saturation robust controllers (Cai and Abdalla, 1993; Cai and Song, 1993; Song and Mukherjee, 1998) . The schematic diagram of the robust controller applied to the morphing wing is shown in Figure 7 .
PID controller with anti-windup compensation
The third controller investigated was a PID controller with anti-windup compensation (AWC). There are some significant nonlinear effects that can occur even in simple loops with PID control. Integral windup can transpire in loops where the process has saturations, and the controller has integral action (Å stro¨m and Ha¨gglund, 2005) . The feedback loop is broken when the process saturates. If there is an error, the integral may reach large values, and the control signal may be saturated for a long time, resulting in large overshoots and undesirable transients. In order to address this problem, the PID with an anti-windup compensator was evaluated to determine whether it could provide significant improvements to the performance of the controller.
There are several ways to protect against windup. One method is tracking, which has been used in composites with embedded SMA actuators. The AWC PI has been implemented efficiently in the position control algorithm for an SMA actuator (Reich and Sanders, 2007) . For the morphing wing developed here, the heating power has to be limited due to the heat endurance of the ABS structure. The strict power limitation acts as a controller limitation that exposes the system to the windup phenomenon.
The PID controller with anti-windup compensator was implemented using an incremental algorithm (Ahola et al., 2009; Ang et al., 2005; Zhang et al., 2003) ( Figure 13 ). The discrete time implementation in the control system for a morphing wing is shown in Figure  8 . A register and an addition element make up the integrator. The register holds and sends one-step time-delayed integrator output u i (k 2 1) to the adder. The saturation block holds the integrator output u i (k) between values U min and U max . Voltage U min corresponds to the heating power of 0 W, and voltage U max allows for maximum power to the SMA actuators. In order to keep it consistent with the real inputs of the system, u k was also limited between the values U min and U max . Electric current I SMA heats up the actuators, and actuation forces deform the airfoil. The measured strain of the upper surface S is used in the feedback loop. The increment of the integral part was defined as
in which K p is gain, T s is sample time, T i is integration time, and e is control error. The integrator output u i (k) is defined as
The controller output was calculated
Simulation and experimental results
This section presents the results of a number of experiments conducted for the morphing wing setup. First, the three different controllers discussed in section ''Feedback control systems'' were tested in a simulation environment. Extensive fine tuning was conducted to obtain the best performing controller. Second, a hardware-in-the-loop experiment was conducted for all three controllers to assess their performance with real equipment in the loop. The hardware-in-the-loop experiment was repeated for subzero temperatures to determine the effect of flight at high altitude. Finally, the best performing controller was implemented in the wind tunnel experiment to assess the performance of the controller with the morphing wing under aerodynamic load. For each of the following controllers, a hardware-in-the-loop test was conducted. The control system was required to track a positive step input of 40 mV. Initial value was 1260 mV, which corresponded to a strain value of 400 mS on the upper wing, and the new value was 1300 mV, which corresponded to a strain value of 1400 mS.
PID controller
Simulation and gain tuning. The SMA actuator was required to track a unit step input and a sine wave function with a frequency of 1 rad/s for 10 s. The initial set of gains was chosen as K p = 100 and K i = 0.01. The results showed that the performance of the controller was very poor in tracking the target. The response to the unit step input was able to reach approximately 20% of the target's amplitude, and the steady-state error was 77%. The controller's response to the sine input was in phase with the target but it was also unable to reach the target amplitude, with an error of 80%. After tuning, the gains were adjusted to K p = 1000 and K i = 0.01. The controller response for the step input and the sine input is presented in Figure 14 for the different gains. The response using the PID controller improved significantly with gain tuning, but it still could only reach 80% of the target's amplitude with a steady-state error of 17%.
Hardware-in-the-loop experiment. The time histories of the critical parameters are shown in Figure 15 . It displays the desired set point represented by the dashed line and the realized set point represented by the solid line, which corresponds to actual strain measurements on the upper surface of the wing. It shows that the rise time is 140 s and the settling time is 230 s. However, no overshoot is present and the steady-state error is less than 15%. Figure 15 also shows the control current intensity of the SMA actuator. From both figures, it can be seen that the controller reduces the current supplied to the SMA actuator when it reaches 87.5% of the target value, which caused the steady-state error to remain at 12.5% of the target value. In general, the PID controller was able to track the target but the response time was too long, and the steady-state error was more than 10% of the reference input. A controller that is able to respond faster and reduce the steadystate error further is needed in order to develop an efficient control system for the morphing wing.
Ambient temperature effects. As mentioned, the functioning of the SMA depends on the temperature in the actuator. As aircraft fly at high altitude, the ambient temperate can be well below zero. It is therefore important to understand the impact of ambient temperature on the performance of the actuator. In the first experiment, the controller was required to track a positive step input. The responses to a positive step input for experiments conducted at 20°C and 213°C are shown in Figure 16 . The speed of response was 28 s for the experiment at 20°C and 34 s for the experiment at 213°C. The low temperature slowed the heating process by more than 20%, which shows that the rate of heating of the SMA actuator is dependent on the ambient temperature. However, the overshoot was reduced by 50% at low temperature. Another set of experiments was conducted where the controller was required to track a negative step input over a period of 60 s. The rate of cooling of the SMA actuator was very slow when the ambient temperature was 20°C, but it took only 12 s to reach the target set point when the ambient temperature was 213°C. This shows that the low temperature helped to reduce the rate of cooling of the SMA actuator. The steady-state error of the controller at 213°C is almost 30% more than the steadystate error of the controller at 20°C. This shows that the low ambient temperature increases the steadystate error of the controller.
PID controller with robust compensator
Simulation and gain tuning. The SMA actuator was required to track a unit step input and a sine wave function with the frequency of 1 rad/s for 10 s. After gain tuning, the values chosen for the PID controller are K p = 100 and K i = 0.01. The responses of the controller are presented in Figure 17 . The results clearly showed that the performance of the controller was better at tracking the target compared to the PID controller, although the response time is much slower. The robust compensator was able to reach 90% of the target's amplitude, and the steady-state error was approximately 6.5%. The response to the sine input was out of phase with the target due to the slow speed of response. The error of the response, which is (input 2 output)/ input, was high and reached about 60% at 7 s.
Hardware-in-the-loop experiment. The time histories of the critical parameters are shown in Figure 18 . It shows that the rise time is 160 s, and the settling time is 240 s. However, there is no overshoot, and the steady-state error is within 5.5% of the reference input. Figure 16 also shows the control current intensity of the SMA actuator. The accuracy of the controller was improved by adding a compensator to the PID controller. It was able to track the target better and reduced the steadystate error by more than 50%. However, the response time was slightly slower compared to the response time of the PID controller without the compensator. The results obtained agreed well with the simulation results. The compensator improved the PID controller's performance, but the response time was deemed too long. Figure 19 shows the responses to the step input for these experiments under ambient temperatures of 20°C and 213°C. The speed of response was 24 s for the experiment at 20°C and 29 s for the experiment at 213°C. At low temperature, the heating process was slowed down by more than 11%; however, the overshoot was reduced by more than 30%. The PID controller with robust compensator was also applied to track a negative step input. The speed of response at 20°C was more than 30 s, but it took only 13 s to reach the target set point when the ambient temperature was 213°C. The steady-state error of the controller at 213°C was 20% more than at 20°C. This shows that the low ambient temperature increases the steady-state error of the controller.
Ambient temperature effect.

PID controller with anti-windup compensator
Simulation and gain tuning. For the simulation, the SMA actuator model that has been derived earlier was used. The SMA actuator was required to track a unit step input and a sine wave function with frequency of 1 rad/ s for 10 s. The initial set of gains chosen was K p = 100 and K i = 0.01. The response to the unit step input shows that the controller was able to follow the target accurately with an error of less than 1%. However, there was an overshoot of 30% in the response. The response to the sine input was out of phase with the target causing an error of about 35%. Further gain tuning was required to improve the tracking performance. The proportional gain was increased to 1000 to increase the speed of response. For the response to the unit step input, the maximum overshoot is reduced to 10%; however, the time taken to reach the steady-state error was increased. For the response to the sine input, the controller was in phase with the target, reducing the error to less than 0.5%. A derivative gain was introduced to smooth out the damping and reduce the steady-state error. The gains were set at K p = 100, K i = 0.01, and K d = 100. Figure 20 shows the responses of the PID controller to a step input and sine input. There is no overshoot in the response, and steady-state error is further reduced.
Hardware-in-the-loop experiment. The time histories of the critical parameters are shown in Figure 21 . It shows that the rise time is 160 s and the settling time is 180 s. However, there is no overshoot, and the steady-state error is within 1% of the reference input. Figure 21 also shows the control current intensity of the SMA actuator.
The accuracy of the controller was improved by adding an anti-windup compensator to the PID controller. It was able to track the target better and reduced the steady-state error, which stayed within 5% of the reference input.
Ambient temperature effect. The PID controller with antiwindup was required to track a positive step input. The responses to the step input for experiments conducted at 20°C and 213°C are shown in Figure 20 . The speed of response was 16 s for the experiment at 20°C and 19 s for the experiment at 213°C. The rate of cooling of the SMA actuator was very slow when the ambient temperature was 20°C, but it took only 11 s to reach the target set point when the ambient temperature was 213°C. The steady-state responses of the controllers at 20°C and 213°C are also shown in Figure 22 . The steady-state error of the controller at 213°C was 30% more than the steady-state error of the controller at 20°C.
Wind tunnel experiments
This PID controller with anti-windup compensator was subsequently used for the experiments conducted in the wind tunnel. The first observation was that due to the presence of aerodynamic loads, the power to control the actuators had to be increased to achieve similar deflections as in the hardware-in-the-loop case. The power supplied to the SMA actuator in the hardwarein-the-loop experiments was 14 W and was increased to 38 and 54 W for the experiments conducted in the wind tunnel. The control experiments in the wind tunnel were conducted in four different conditions as follows:
Reynolds number: 1 3 10 5 at 0°angle of attack Reynolds number: 2 3 10 5 at 0°angle of attack Reynolds number: 1 3 10 5 at 2.5°angle of attack Reynolds number: 2 3 10 5 at 2.5°angle of attack
The control system for the morphing wing was required to track a positive step input from its initial value of 1252 mV, which corresponded to a strain value of 200 mS on the upper wing, to 1280 mV, which corresponded to a strain value of 900 mS. The time histories of the critical parameters for the experiments are shown in Figure 23 . For all conditions, the response of the controller varied significantly with different power supplies. With power supply of 38 W, the response was slower, the steady-state error was higher, but the settling time was faster and there was no overshoot present. With power supply of 54 W, the response was faster, the steady-state error was smaller, but it had a long settling time and there was overshoot in the response. The control current intensity of the SMA actuator explains the The accuracy of the control system for the morphing wing was improved significantly by adding an antiwindup compensator to the PID controller. The results from the wind tunnel showed that it was able to track the target and reduce the steady-state error by less than 5% of the reference input. Furthermore, the response time was much faster compared to the PID with robust compensator. This controller would be the most suitable choice for the control system for a morphing wing developed here. Further analysis was carried out to establish the relationship between the changes in strain and lift coefficient. Figure 24 shows the change in the lift coefficient as the strain on the upper surface of the wing was increased. For all angles of attack, the increase of the lift coefficient was almost linear; however, the gradient differed.
The normal force and axial force of the original wing and the morphed wing configurations were measured to analyze the contribution of the control system for the morphing wing on the lift coefficient, drag coefficient, and L/D ratio for Reynolds numbers of 2.0 3 10 5 . The change in L/D ratio with angle of attack at Reynolds numbers of 2.0 3 10 5 for the original and the morphed wing is shown in Figure 25 . The L/D ratio for the morphed configuration was significantly higher compared to the original configuration at low angles of attack. The biggest increase of L/D was at 0°angle of attack. This showed that the control system for a morphing wing will perform well at cruise condition. At high angle of attack, the morphed wing did not provide any significant increase in the L/D ratio.
Conclusion
A number of experiments were conducted to investigate the feasibility of wing morphing using SMA. A smallscale wind tunnel model was manufactured with an ABS skin and SMA wires to control the leading edge deflection. The morphing of a variable cambered wing Figure 24 . Lift coefficient increase using wing morphing at different angles of attack.
was controlled by means of resistive heating of SMA actuator and cooling in the surrounding air. The SMA actuators were fixed underneath the wing skin near the leading edge. The heating of the wires caused them to contract, creating a force and generating a moment that deflected the wing. Static experiment was conducted, and the results showed that there is a trailing edge deflection of 6 mm could be achieved with the actuators attached near the leading edge.
Due to the SMA actuator's nonlinear behavior, a closed-loop feedback system was needed to improve its control performance. This controller was implemented in LabVIEW, which was used as the interfacing program in the control system for morphing wing. The accuracy of a standard PID controller, a PID with robust compensator, and anti-windup control algorithms in the shape control of an adaptive airfoil were compared. Control experiments were conducted in different environments to ensure the robustness of the system. From the experiments, it was found that the PID with anti-windup compensator constantly outperformed the others and showed good tracking performance with very small overshoot, and the steady-state error is within 5% of the reference input.
The effect of low temperature on the controller is quite significant. It reduced the speed of response when the actuators were turned on as it went through the heating process. However, the speed of response was increased when the actuators were in the cooling phase to reduce the camber change. This provides an advantage in the low ambient temperature at cruise altitude.
For the control experiments conducted under wind tunnel conditions, the results show that the control system for morphing wing was able to gradually change the airfoil shape and maintain the shape during flight. Although the response time was slow, it was good enough for this application as it does not require very fast response. The system that has been developed here is capable of providing that type of response.
However, there were some issues with the controller in the experiments carried out in the wind tunnel. Due to the aerodynamic loads, the power requirement had to be increased significantly. Under wind tunnel conditions at R e = 2 3 10 5 , the power requirement increased from 38 W at 0°angle of attack to 54 W at 15°angle of attack. However, an improvement of about 15% in L/D was found at angles of attack between 0°and 2.5°. As the variation in lift coefficient is relatively small and gradual, and most of the lift comes from morphing, the required angle of attack will be small.
